It is shown by simulations that terahertz (THz) radiation can be produced more efficiently by a mid-infrared laser pulse from a gas target. The THz amplitude is enhanced by 35 times as the laser wavelength increases from 1 μm to 4 μm; a 4 μm laser at 10 15 W cm −2 produces 5 MV=cm THz radiation. The THz amplitude changes oscillatingly with increasing laser intensity for a given laser wavelength. In addition, the laser intensity threshold for the THz emission is lower for a longer laser wavelength.
Terahertz (THz) waves with a field strength up to MV=cm or beyond are demanded by THz-pumped nonlinear physics and nonlinear THz spectroscopy, etc. Recent studies have shown that such THz radiation can be produced by intense laser pulses in gas and plasma targets [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . For example, by employing the two-color laser scheme [3] , it was demonstrated experimentally that THz radiation with the field strength of a few hundred kV=cm [5, 8] was generated from gases. By applying a dc bias field to a gas plasma driven by a laser pulse, THz radiation was generated with the field strength determined by the bias amplitude available [11, 12] , which is generally at the level of tens of kV=cm.
So far most experimental and theoretical work on THz emission is based on using laser pulses of 0:8 μm wavelength. Nowadays, by either difference frequency generation or optical parametric amplification technologies, femtosecond intense mid-infrared lasers can be produced. Such laser pulses are used for high harmonic generation [13] , which shows its prospects for brighter and more energetic attosecond bursts. Here, we consider THz generation by the use of mid-infrared laser pulses. We show numerically the possibility of producing tens of MV=cm THz radiation with such lasers in tenuous gas targets. The THz radiation generated in this way can be much stronger than that from the two-color laser scheme [5, 10] at the same laser intensity, although the THz emission in both schemes results from asymmetric gas ionization. For the latter, the second harmonic light breaks the symmetry of the fundamental light ionization of gas [8, 10] . In the mid-infrared laser scheme, by increasing the laser wavelength, the number of laser cycles ionizing the gas is reduced. Therefore, the higher asymmetry of the ionization makes it possible to trigger stronger net ionizing currents and more powerful THz radiation.
Let us consider that a laser pulse illuminates upon a tenuous gas. The laser with linear polarization along the z direction propagates along the þx direction. Its vector potential A z is the function of ξ ¼ ct − x, where c is the speed of light in a vacuum. When the laser passes through the gas, it produces free electrons from gas atoms by field ionization. Assume that the velocities of the free electrons are zero at the moment they are produced from ionization. Therefore, a free electron marked by j gains the velocity v z;j ¼ −eA z ðξ j Þ=m e c after the passage of the laser [10] , where ξ j is determined by the electron position and time when it was born; e is the electron charge; and m e is the electron rest mass. Then the average velocity of these electrons is
where N is the total number of free electrons. Then a net current is formed and converted into THz radiation at the plasma oscillation frequency [10, 12] where the THz amplitude scales linearly with hv z0 i [10] . When the laser is weak, the ionization occurs around the laser intensity peak and the newly born electron number is small and proportional to the local laser intensity. Therefore, the number distribution of newly born electrons versus the electron birth position ξ is symmetric with the center at the laser intensity peak. Then hv z0 i is zero, and thus no THz radiation can be generated, as usually encountered. While the laser is intense enough that the laser leading edge can ionize the gas completely, the symmetry of the number distribution of newly born electrons versus the electron birth position ξ breaks. As a result, hv z0 i deviates from zero, and THz radiation is generated. Therefore, even a single laser pulse can produce THz radiation when it is intense enough. With the increase in the laser wavelength, the laser cycle number needed to ionize the gas completely is decreased, the electron number distribution versus the electron birth position tends to be more highly asymmetric, and hv z0 i becomes larger. In particular, for the laser of a long enough wavelength, the gas can be ionized completely by half-cycle; all A z ðξ j Þ have the same sign; and then hv z0 i becomes very large. This leads to the generation of strong net current and subsequent powerful THz radiation.
We present two-dimensional (2D) particle-in-cell (PIC) simulations. Our PIC code includes 2D coordinates ðx; yÞ and full momentum spaces ðp x ; p y ; p z Þ. The field ionization is calculated by the ADK formula [14] . We take a hydrogen target with a trapezoidal density profile: 5 μm linear increase, 90 μm plateau, and 5 μm linear decrease. The gas density of the plateau region is 0:6 × 10 18 cm −3 , which can be completely ionized to be plasma with the electron density n e ¼ 1:2 × 10 18 cm −3 (or ω p =2π ¼ 10 THz, where ω p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 4πe 2 n e =m e p is the plasma oscillation frequency). To save the computational expense, we adopt a plane laser. This simplification is suitable for an intense laser with relatively large spot sizes when the gas can be fully ionized in the focused area. Otherwise, one needs to consider the effect of different plasma and radiation frequencies across the laser pulse. The laser polarized along the z direction propagates in the þx direction. Its electric field takes the form of
Þ sinðkξ þ θÞ with τ 0 ¼ 9 μm or the FWHM duration of 50 fs, where θ is the carrier-envelope (CE) phase, k ¼ 2π=λ, and λ is the wavelength.
Figures 1(a)-1(c) plot the amplitude of the produced THz radiation versus the intensity of the laser with different wavelengths. One can see that the maximal amplitude of the THz radiation generated by 4 μm lasers is much larger than that produced by 1 μm and 2 μm lasers. The maximal THz amplitudes are 0.32, 3.2, and 11:4 MV=cm for the lasers with wavelengths of 1, 2, and 4 μm, respectively. Therefore, a laser of a longer wavelength is capable of producing stronger THz radiation. In particular, the 4 μm laser at 1:2 × 10 15 W cm −2 generates 5:3 MV=cm THz radiation.
It is also observed in Figs. 1(a)-1(c) that the THz amplitude does not enhance monotonically with the increasing laser intensity. Instead, it changes oscillatingly. The oscillation period is longer for the laser with a longer wavelength. In addition, the oscillation period becomes longer as the laser intensity enhances. One notices that the x axis adopts an exponential scale.
We explain the results above through Fig. 2 , which displays the number distribution of newly born electrons versus the electron birth position. When I 0 ≥ 3:5× 10 16 W cm −2 , only one cycle of the 4 μm lasers ionizes the gas completely (our simulations show that a halfcycle of the 8 μm lasers can ionize the gas completely; however, the reflected light is strong to the level of the produced THz radiation and therefore we do not present the results here), which is less than the cycle number of the 1 μm lasers ionizing the gas completely. Thus the 4 μm lasers tend to produce stronger THz radiation. From Fig. 1(c) it is observed that the negative peak, zero, and the positive peak of the THz amplitude appear at 3.5, 5.5, and 12 × 10 16 W cm −2 , respectively. From the corresponding plots in Fig. 2(a) , one can see that when the positive and negative peaks of the THz amplitude rise, the number of free electrons produced from the laser half-cycle with the higher laser intensity is much larger than the one from the half-cycle with the lower intensity; otherwise, the THz amplitude is near zero. From the negative peak to the positive peak of the THz amplitude (or as the oscillation of the THz amplitude with increasing laser intensity experiences half a period), the laser envelope ct − x ionizing the gas shifts backward by half a laser cycle. This explains the observation in Fig. 1 that the oscillation period of the THz amplitude with the laser intensity is longer for a laser of longer wavelength. This also explains that the oscillation period grows with the increasing laser intensity, since the decrease of the laser intensity expð−2ξ 2 =τ 2 0 Þ with the increase of jξj grows gradually when jξj > τ 0 =2.
Hence, one can understand the results shown in Fig. 1(d) birth position remains unchanged, but the electron average velocity hv z0 i changes its sign. From this one can easily obtain E THz ðθÞ ¼ E THz ðθ þ 2πÞ, which is also found in Fig. 1(d) . This figure also shows that the THz radiation is affected by the CE phase even in the case of a large laser duration. From Figs. 2(a) and 2(b), one can see that when the laser intensity is 1:4 × 10 14 W cm −2 , the number distributions are symmetric with the centers at the laser pulse peaks and therefore no THz radiation is produced, as shown in Figs. 1(a) and 1(c) . When the laser intensity is enhanced to 5:5 × 10 14 W cm −2 , the peaks of the number distributions deviate from the laser pulse peaks. The 4 μm laser produces THz radiation [see Fig. 1(c) ]. However, no THz radiation is produced by the 1 μm laser [see Fig. 1(a) ]. This is because the ionization arises in many cycles of the 1 μm laser and the net currents formed by the positive half-cycles and the negative half-cycles tend to counteract each other. As a result, the laser intensity threshold for THz radiation generation is lower for a laser of a longer wavelength, as shown in Figs. 1(a)-1(c) .
To obtain the THz amplitude values shown in Fig. 1 , we have filtered the produced radiation components higher than 30 THz. We take the results with 10 17 W cm −2 lasers with the CE phase of zero as an example, which are shown in Fig. 3 . One can see that the waveforms are kept well after they are filtered. The THz waves have a main frequency around ω p ¼ 10 THz. Among the spectrum components higher than 10 THz, the peaks appear at about the laser frequencies, which are the waves reflected by the plasma just formed. The reflected waves for the longer laser wavelength are stronger, which is consistent with the fact that a laser of a lower frequency is reflected more strongly by a plasma with the same density.
In conclusion, we have demonstrated that generally stronger THz radiation can be produced by lasers of longer wavelengths, even though for a given laser wavelength the THz radiation amplitude does not show monotonic increase with the laser intensity. The laser intensity threshold for THz radiation generation appears lower with longer laser wavelengths. With these advantages, a mid-infrared laser pulse is favorable for the generation of strong THz sources. 
